Francisella tularensis live vaccine strain (LVS) was grown in culture with nonadherent resident, starchelicited, or Proteose Peptone-elicited peritoneal cells. Numbers of bacteria increased 4 logs over the input inoculum in 48 to 72 h. Growth rates were faster in inflammatory cells than in resident cells: generation times for the bacterium were 3 h in inflammatory cells and 6 h in resident macrophages. LVS-infected macrophage cultures treated with lymphokines did not support growth of the bacterium, although lymphokines alone had no inhibitory effects on replication of LVS in culture medium devoid of cells. Removal of gamma interferon (IFN-y) by immunoaffinity precipitation rendered lymphokines ineffective for induction of macrophage anti-LVS activity, and recombinant IFN-y stimulated both resident and inflammatory macrophage populations to inhibit LVS growth in vitro. Inflammatory macrophages were more sensitive to effects of IFN-y:
substantially more sensitive to activation activities of IFN-y for this effector reaction than are more differentiated resident cells.
Francisella tularensis live vaccine strain (LVS) is a facultatively intracellular bacterium which is pathogenic for several different strains of mice and produces infection in these experimental animals similar to that seen in humans (4, 16, 17, 22) . Cell-mediated immunity is thought to play a prominent role in protection from and resolution of tularemia (3, 4, 22, 41, 42) . The precise cells and mechanisms involved, however, are not known. From our experience with different intracellular pathogens, we recognize that it is not easy, nor is it particularly desirable, to generalize concepts of host defense to a particular pathogen from information derived with other intracellular pathogens. For example, inflammation per se is quite effective in prevention of lethal disease caused by Listeria monocytogenes: in vitro studies show that L. monocytogenes is killed efficiently by inflammatory macrophages and polymorphonuclear leukocytes (PMN) but not by differentiated tissue macrophages (13) ; induction of inflammation in vivo prior to challenge of mice with L. monocytogenes is protective (19) ; and mouse strains with defects in inflammatory responses are more innately susceptible to infection than mice with normal inflammatory responses (40) . Other intracellular pathogens, however, are totally unaffected by inflammatory changes and are eliminated only after immune intervention. For these infections, the effector cells, signals that induce effector functions, and even effector mechanisms vary from one target organism to another.
Mice are protected from infection with the obligate intracellular protozoan parasite Leishmania major by treatment with the macrophage-activating agent Mycobacterium bovis BCG (21) . This protection is not related to inflammation; in fact, inflammation exacerbates L. major disease (21) . Inflam-* Corresponding author. matory macrophages are more susceptible to infection with this parasite (20) and less responsive to activation in vitro for killing of L. major amastigotes than the more differentiated resident cells (29) . BCG also protects mice against lethal Rickettsia tsutsugamushi infection (37) , and this protection, again, is not due to inflammatory events: the 50% lethal dose (LD50) for mice inoculated with an inflammatory stimulus prior to infection is the same as the LD50 for untreated mice (37) . Inflammation, while not beneficial, is not detrimental to the host. Inflammatory macrophages, in the case of the rickettsiae, cannot kill the bacteria spontaneously but are just as responsive as resident macrophages to activation signals that induce elimination of these pathogens (38) .
Thus, with three different intracellular pathogens that can replicate within macrophages, we find the following: intracytoplasmic L. monocytogenes is spontaneously killed by inflammatory cells, not differentiated macrophages, and residual L. monocytogenes is cleared from either macrophage population after activation (7, 13) ; intraphagolysosomal L. tropica is not spontaneously killed by any macrophage population, and resident cells (but not inflammatory macrophages) can be activated to kill this parasite (20, 29) ; and intracytoplasmic rickettsiae, also not eliminated spontaneously, can be killed by activated inflammatory or differentiated macrophages with equivalent efficiency (38) . While the macrophage is common to each of these systems, it's capacity for effector activity is extremely versatile and clearly dependent upon its state of cellular differentiation, the intracellular compartment of the pathogen, exposure to the appropriate activation signal, and generation of the appropriate effector molecule(s).
That macrophages play a role in resolution of Francisella infections has not been documented, but the weight of evidence for other intracellular pathogens and the information that cell-mediated immunity is protective are highly suggestive of macrophage involvement. Macrophages can act as a natural barrier defense in early interactions with the pathogen or during inflammation or as immune effector cells after induction of pathogen-specific immunity. For Francisella infections, inflammation alone, as in the Listeria model, may be protective: indeed PMN can kill LVS (34) . As a first step in examining the role of macrophages in Francisella infections, we describe the interaction between differentiated tissue macrophages and inflammatory macrophages and F. tularensis LVS. We analyze the capacity of these cells to support replication of the pathogen and to be activated for suppression of bacterial growth. We also identify cytokines involved in activation of macrophages and document that NO is the effector molecule for destruction F. tularensis. (6) . Inoculated broth cultures were incubated for 24 to 36 h until the bacterial density reached 108 to 109 CFU/ml; they were then aliquoted and frozen at -70°C. One-milliliter aliquots were periodically thawed, and viable bacteria were quantified by plating serial dilutions in 0.1% gelatin-saline on CHA plates. The number of CFU after thawing varied less than 5% over a 4-month period.
MATERIALS AND METHODS

Animals
PC. Peritoneal cells (PC) were collected from untreated mice (resident peritoneal macrophages) and from mice inoculated 5 days previously with 2% colloidal starch or 3 days previously with 3% Proteose Peptone (inflammatory macrophages) after intraperitoneal injection of 8 to anti-LVS activity in vitro. Macrophages were exposed to LVS at a multiplicity of infection (MOI) of 1 for 2 h at 37°C in a humid environment. Higher MOIs (bacterium/cell ratios of 10:1 and 100:1) were also used to infect macrophages, resulting in increased bacterial outgrowth by 1 and 2 logs, respectively. Infected PC were washed with culture medium by low-speed centrifugation (70 x g for 7 min) to remove uningested bacteria, and cell pellets were resuspended in fresh culture medium. Immunoaffinity depletion of IFN--y from lymphokines. IFN-y was precipitated with a hamster monoclonal antibody (MAb) prepared against recombinant murine IFN-y (H22, a generous gift from Robert D. Schreiber) and protein A-Sepharose (Pharmacia LKB Biotechnology). Quantitation of IFN--y in lymphokines was by enzyme-linked immunosorbent assay (ELISA) (36) . Lymphokines routinely contained 40 to 80 U of IFN--y per ml, which was reduced to levels undetectable by ELISA following immunoaffinity precipitation with H22.
Measurement of N02-production by LVS-infected macrophages. Culture fluids were assayed for N02-by the Griess reaction (24) . Briefly, 50-,u aliquots of the conditioned medium were incubated with 200 RIl of 1% sulfanilamide and 200 ,ul of 0.1% N-1-naphthylethylenediamine dihydrochloride in 2.5% H3PO4 (Sigma) at room temperature for 5 min. A543 was measured. NO2-was quantified by comparison to NaNO2 as a standard.
RESULTS
Growth of LVS in vitro. LVS is a facultative intracellular organism (41) , and there is now direct proof of the intracellular nature of its association with cells (2) . Indeed, the bacterium grows in murine peritoneal macrophages (Fig. 1 Fig. 1). (B) For macrophage conditioned medium, 106 resident peritoneal macrophages per ml were cultured for 24, 48, and 72 h, culture fluids were sterilized by filtration (0.2-,um pore size; Gelman Sciences, Ann Arbor, Mich.). LVS was grown in this conditioned medium, and growth was compared with that in Francisella broth and live macrophage cultures. Culture conditions were the same as described for panel A; CFU were estimated after 72 h in culture. Results are means + standard errors of the means from two separate experiments.
broth medium designed to support LVS growth (modified Mueller-Hinton broth) and in peritoneal macrophage cultures. In contrast, tissue culture medium alone did not support bacterial growth at all. Growth curves for LVS in broth and macrophage cultures were different. While the overall growth in both cultures was similar (4-log increase over 72 h), there was a biphasic nature of the growth curve for broth that was not apparent in the growth curve for cells (Fig. 2) . Generation time for the bacterium in broth between 0 and 24 h was similar to that observed at all times in resident peritoneal cells (5 to 6 h). Growth in broth slowed between 24 and 48 h and then entered another exponential phase between 48 and 72 h, with a generation time of 2 to 3 h.
To determine if live macrophages were essential for bacterial growth, we cultured LVS with lysed (by sonication) or fixed (by paraformaldehyde) macrophages in assay medium (Fig. 3A) ; neither of these preparations supported LVS growth in culture medium. The bacteria were also unable to replicate in culture medium supplemented with macrophageconditioned medium (Fig. 3B) . Thus, LVS growth in PC cultures was not simply the result of macrophage secretion of an essential growth factor into the extracellular milieu but the result of an intimate association with live cells.
LVS growth in resident and inflammatory macrophages. Resident peritoneal macrophages supported in vitro growth of LVS (Fig. 1 to 3 ), but macrophages differ greatly in function depending on the stage of maturation (12) . Inflammatory peritoneal macrophages obtained from animals inoculated with Proteose Peptone or a suspension of colloidal starch also supported LVS growth (Fig. 4A) . Growth curves for LVS in each of these inflammatory populations and resident cells were not significantly different (Fig. 4B ). There was, however, a notably faster generation time in the inflammatory cell populations (doubling time of 3 to 3.5 h, estimated for two different populations on two different occasions) compared with that in resident cell populations (doubling time of 5 to 6.5 h from three different experiments).
Inhibition of growth by treatment of macrophages with lymphokines. Macrophages treated with lymphokines kill a variety of intracellular (bacteria and protozoa) and extracellular (tumor cells and helminths) targets; responsiveness to activation signals in lymphokines for killing of these different targets is dependent, in part, on the maturational status of the macrophage (38) . The more-differentiated resident tissue macrophages were treated with lymphokines and assessed for capacity to inhibit replication of LVS (Fig. 5) . These macrophages responded to a 1:10 dilution of lymphokines (which contained approximately 6 U of IFN--y per ml) with complete inhibition of bacterial growth, and some (1-log) killing: infection at 2 h was 5 x 10 LVS CFU per ml, and at 72 h it was 3 x 102 LVS CFU per ml. The plateau for antimicrobial activity was reached at a 1:80 dilution, and half-maximal activity for lymphokines with this population of macrophages was a 1:20 dilution.
IFN--y induction of anti-LVS activity in macrophages. 
FIG. 4. Growth of LVS in resident or inflammatory macrophages. (A) CFU at 2 and 72 h after inoculation of LVS into macrophage cultures. Resident peritoneal (-), Proteose
Peptone-elicited (l), or starch-elicited (U) macrophages were seeded at 106 macrophages per ml in 1.0-ml volumes and exposed to 106 LVS for 2 h at 37°C in 5% CO2. Cell cultures were washed by centrifugation and resuspended in fresh medium. Replicate cultures were sonicated, and duplicate samples were serially diluted and plated on CHA for estimation of CFU per milliliter. The remainder of the cultures were incubated for an additional 72 h at 37°C in 5% CO2 and then sonicated and assayed for CFU per milliliter as described above. (B) Estimation of CFU per milliliter in cultures of resident (0), Proteose Peptone-elicited (-), and starch-elicited (@) macrophages. Cells were infected and assayed as described above. Samples were removed every 24 h for estimation of CFU. Results are means + standard errors of the means from two separate experiments with starch-elicited cells and three separate experiments with resident and Proteose Peptone-elicited cells.
IFN--y is a potent macrophage activation factor and was present in the lymphokines that induced anti-LVS activity in resident peritoneal macrophages. To determine if IFN-y was responsible for the growth-inhibiting effects of lymphokinetreated macrophages, we removed IFN-,y by treating lymphokines with an MAb specific for IFN--y and precipitating the immune complexes formed with protein A-Sepharose. Removal of IFN--y from lymphokines effectively removed all macrophage antibacterial activity (Fig. 6) .
Recombinant IFN-y stimulated both resident and inflammatory macrophages to inhibit bacterial growth in a dosedependent manner (Fig. 7) . Interestingly, resident cells required higher concentrations of IFN-y for bacterial growth inhibition than inflammatory cells: half-maximal activity of IFN-y for induction of anti-LVS activity was 20 U/ml for resident cells and 5 U/ml for inflammatory macrophages. Recombinant IFN-y alone (no cells) had no effect on the viability of LVS or its capacity to replicate in broth (data not shown). To further define the antibacterial activity induced with this macrophage-activating cytokine, we analyzed growth in IFN--y-treated and untreated cells every 24 h for 5 days (Fig. 8) . Untreated LVS-infected macrophages were less than 50% viable after 5 days in culture with LVS, and bacterial counts begin to decline. In contrast, IFN-y-treated macrophages were over 70% viable after 5 days. While there was early growth of LVS (Fig. 8) , bacterial killing was apparent at 48 h and continued through day 5. The number of recoverable CFU in IFN--y-treated cultures at 5 days was at least a log lower than the input inoculum (.90% killing).
IFN-y-induced anti-LVS activity and N02 production.
NO2-produced by activated macrophages correlates directly with killing of a variety of infectious targets in murine systems (1, 15, (25) (26) (27) 30) ; the presumed effector molecule for killing of these agents is NO, the short-lived reactive nitrogen intermediate that is rapidly oxidized to NO2- (23) .
NO2-, then, is a quantitative index of macrophage activation and killing capacity. Production of NO2-also correlated with anti-LVS activity in macrophages activated with IFN--y ( Table 1 ). The competitive inhibitor of L-arginine metabolism, NGMMLA, blocked IFN--y-induced anti-LVS activity and production of NO2 in both resident and inflammatory macrophage populations (Table 1) ; TNF-a, the second signal for N02-production and killing of intracellular targets (25, 28, 33) , was also involved in destruction of F. tularensis, since an anti-TNF-cx MAb also blocked growth inhibition and NO2-production in these cultures (Table 1) . DISCUSSION To identify treatment modalities or prophylactic therapies against infectious threats, particularly intracellular pathogens, one must have a firm grasp of the biologic idiosyncra- cies of the effector cell-target interaction. The macrophage is an important effector cell for both humoral and cellular immunity. Pathogens developed interesting strategies for intracellular survival in these cells, and the strategies are as diverse as the organisms themselves. Some pathogens evade the potent reactive oxygen intermediates released in the respiratory burst during phagocytosis by macrophages; others evade destruction in the phagolysosome, the digestive organelle of the macrophage. The most successful intracellular pathogens acquire multiple evasive strategies to ensure their survival. For example, R. tsutsugamushi buds from the surface of infected cells and passes from cell to cell wrapped in a protective coating of host cell membrane; once phagocytosed by an adjacent cell, it quickly dissolves its multilayered host cell coat to replicate freely in the cytoplasm (18) . L. monocytogenes resident in the cytoplasm of cells actually propels itself into a pseudopod by polymerization of an actin filament tail, and the pseudopod is clipped off and internalized by the adjacent host cell by phagocytosis; the hemolysin of L. monocytogenes aids in its release from the phagosome and ensures its survival for replication in the cytoplasm (44) . These two pathogens spend little time exposed to humoral defensive factors of the host since they remain sequestered within cells or coated by host membranes as they spread from cell to cell. Rickettsia prowazekii, on the other hand, does not bud from cells. It uses its phospholipase to break a hole in the host cell plasma membrane after it attaches; as the cell attempts to repair itself behind the bacterium, the rickettsia is actually pushed into the cytoplasm where it is then free to replicate (45) . The rickettsiae and L. monocytogenes, then, escape the detrimental effects of phagosomelysosome fusion by disolving or avoiding the phagosome and replicating in the cytoplasm of the cell. Other pathogens that replicate in macrophages, such as toxoplasmas and mycobacteria, escape the innate antimicrobial armamentarium of this cell by actively preventing lysosome fusion: these pathogens replicate inside phagosomes (5, 31) . Still others, like leishmaniae, replicate in the hostile environment of the phagolysosome, using the low pH of this organelle to their enzymatic advantage and neutralizing host-reactive oxygen effector molecules by specialized superoxide dismutases (10, 11) . Clearly, host-target interactions are refined and diversified by pathogen-specific characteristics. That F. tularensis replicates in association with macrophages, and only viable macrophages under tissue culture conditions, suggests that it too has developed a number of evasive strategies for survival in the presence of these cells. The nature of these strategies is presently unknown, as is the actual site of replication, although the phagolysosome has been ruled out in one study (2) . Once the intracellular compartment of F. tularensis replication is determined, identification of the intracellular survival strategies of this bacterium will follow quickly.
One of the most effective barrier defenses of vertebrate hosts is the tissue macrophage. The antimicrobial arsenal of tissue macrophages is extensive and includes both oxidative and nonoxidative killing mechanisms. Our studies suggest not only that LVS will survive innate antibacterial activities of macrophages in the tissues where it is inoculated but that these macrophages can also provide a safe haven for the replication of LVS ( Fig. 1 to 3) . A very early event (within minutes) in development of protective host responses is inflammation; the primary cellular participants in this early interaction with the pathogen are PMN. LVS is susceptible to oxidative killing mechanisms of PMN, particularly hypochlorous acid (34) . Most extracellular bacteria will be phagocytosed and killed by these cells. LVS organisms that have already infected tissue macrophages, however, will not be susceptible to PMN killing and will replicate over time.
Perhaps the capacity to survive within macrophages derived from the need of this pathogen to escape the lethal consequences of interactions with PMN. The PMN infiltrate is followed within hours by macrophages newly immigrated into tissue from circulation, inflammatory macrophages, which rapidly replace the PMN population as the predominant cell. Inflammatory macrophages, compared with resident cells, have increased enzyme activities and increased oxidative capacity and are better able to kill at least one intracellular pathogen (12, 13) . LVS, however, is also not susceptible to the inherent killing capacity of inflammatory macrophages (Fig. 4) . In fact, LVS replicates even more efficiently in the presence of these inflammatory cells, perhaps a reflection of their increased metabolic activity. Thus, LVS has clearly evolved mechanisms for evasion of both barrier and first-line (inflammatory) host defense mechanisms.
Neither resident nor inflammatory macrophages can eliminate F. tularensis without help from other cells. This help is provided by cytokines produced by antigen-specific T lymphocytes during initiation of an immune response and is characterized by development of qualitative changes in (38) . In the present study, we found that growth of LVS is inhibited in cultures of both resident and inflammatory cells stimulated with IFN--y; inflammatory cells, however, required far less IFN-y to achieve equivalent levels of killing than resident tissue macrophages (Fig. 7) . Activated macrophages have many potential antimicrobial effector activities not present in resting macrophages, including the down-regulation of transferrin receptors for decreasing intracellular iron (8) , degradation of tryptophan (9, 35) , and production of effector molecules such as toxic oxygen and nitrogen intermediates (14, 15, 27, 39) . NO derived from L-arginine is a potent effector molecule for intracellular destruction of F. tularensis (Table 1) . For NO-mediated killing of other intracellular pathogens, the target itself triggers release of NO by the induction and autocrine action of TNF-a (25, 26, 32) ; in this, F. tularensis is similar to protozoan parasites. Destruction of LVS bacteria by IFN-y-stimulated resident or inflammatory macrophages directly correlated with NO2 production and required TNF-a (Table 1 ). In this study, then, we found that macrophages supported the replication of F. tularensis but can be activated to kill this bacterium in vitro by exposure to IFN--y. The effector molecule for activated-macrophage killing of F. tularensis was a reactive nitrogen intermediate, and initiation of the nitrogen oxidation of L-arginine required LVS-induced production of TNF-ao by macrophages. This TNF-a then served as the trigger for macrophage-mediated antibacterial activity. How these in vitro observations relate to pathogenesis and resolution of infections with F. tularensis in vivo is presently unknown, but this study identified several critical concepts to explore in our experimental models of tularemia.
